We have implemented coherent gradient sensing (CGS) as an in-situ diagnostic in an MOCVD reactor to measure curvature and changes in curvature with varying temperature and O 2 partial pressure on thin¯lm YBCO on MgO (001) substrates. CGS is a novel, real-time, full-¯eld optical technique that provides a direct map of the components of the curvature tensor across the surface of the wafer. We have examined a well-characterized, YBCO¯lm (700 nm thick) on a MgO substrate (25 x 25 x 0.5 mm) with increasing temperature from 25 ± C to 760 ± C The curvature increases with temperature, although it is not always spatially uniform. By Stoney's equation, we relate the observed curvature to the thermal mismatch of the¯lm and substrate where the maximum observed stress in orthogonal sample orientations is 2.2 and 1.0 GPa. For larger similarly grown wafers under varying oxygen partial pressures, we observe dramatic local changes in the CGS interferograms, which we relate to the tetragonal to orthorhombic phase transformation YBCO exhibits as it cools in oxygen.
INTRODUCTION
Metal Organic Chemical Vapor Deposition (MOCVD) is a widely used thin¯lm deposition process. With future demand for more complex layered materials, current open loop deposition recipes will not su±ce, and real time sensing will be necessary for closed loop control. MOCVD processes present challenges for in-situ diagnostics; high background pressures and long working distances exclude even the most robust electron based diagnostics. Optical methods are preferable and typically have been used to obtain dielectric constants, lm thickness, and in certain cases, spectroscopic information, however these methods are typically point wise, relative to the specimen, and therefore provide only a localized characterization. At best, these pointwise methods can scan the sample, at the expense of time, making it di±cult to implement in a control-loop. Macroscopic properties such as curvature and relative coverage are problem areas, especially for production of larger diameter wafers. Full-¯eld methods, where an entire specimen is imaged, are natural extensions of point-wise methods and o®er increased throughput by providing instantaneous, relative spatial information. The relative nature of the measurement is attractive for processes for which uniformity is of concern and with appropriate image analysis methods may be suitable as a diagnostic.
Stress e®ects in thin¯lm systems are of theoretical and practical interest, however, standard methods of measuring the related curvature tensor, ·, are either di±cult to apply in-situ and in real time (x-ray di®raction [1] ), do not give an instantaneous full¯eld map of the curvature tensor (beam bending [2] ), or are sensitive to external vibrations (interferometric methods [3] ). For control and industrial applications, robust techniques which can give a clear indication on the curvature state of the¯lm are desirable for diagnostics.
Based on beam shearing methods, Coherent Gradient Sensing is a full-¯eld, real time and space, optical method developed and¯rst applied to thin¯lms by Rosakis et al. [4] . A schematic of the optical path is shown in Figure 1 . Initially referenced to a°at surface, a well collimated incident beam is re°ected from the sample and passes through a series of two transmission di®raction gratings, which e®ectively displace or \shear" the beam laterally by a relative amount, !. The sheared orders are recombined into an image by the¯ltering lens, and the appropriate order is passed through the aperture to a video camera.
For a given grating of pitch, p, the di®raction angle is given by
and the shearing distance is
For small displacements,
and
The re°ected beam arrives at the¯rst of grating with an initial phase of S (x 1 ; x 2 ), as seen in Figure 2 , and is split into multiple orders. The¯rst order wavefronts, E 0;1 and E 1;0 , with phases S (x 1 ; x 2 + !) and S (x 1 ; x 2 ) ; respectively, are combined to form a \¯rst order" full-¯eld interferogram. For constructive interference, the following conditions must be met
(2) = 0; §1; §2; :::
Here n (2) corresponds to the observed fringe orders in the x 2 direction. For the reference (optically°at) surface, n (2) = 0, the gratings positions are adjusted so that the phase
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Figure 2: Schematic diagram of the working principle of CGS di®erence produces a completely constructive¯rst order interferogram. An additional set of gratings may be added so that the re°ected beam may be split and sheared in orthogonal directions to simultaneously obtain the tensor elements. In the limit of ! ! 0,
Equation (6) can be rewritten using equation (4) as
and more generally for shearing in the x ® direction
To relate the surface curvature to the shearing, consider an incident beam re°ecting from a simple surface which can be described as
The surface unit normal,n (x 1 ; x 2 ) for the curved surface is given aŝ
and the incident and re°ected unit wave vectors,d andd 0 (depicted in Figure 3 ) are given byd
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Figure 3: Calculation of the change in path di®erence relative to a°at reference surfacê
Compared to a reference surface, x 3 = 0, the change in the optical path, S (x 1 ; x 2 ) ; from the specimen surface
Using equation (8) and the assumption of small curvature such that,¯r 2 f¯¿ 1,
The curvature can be written as
and given once again that¯r 2 f¯¿ 1,
Substitution of equation (15) into equation (17) gives the basic equation that related the observed interferogram fringe density to the curvature tensor.
which relates the shearing or change in path di®erence to the observed di®raction orders. In relating the observed fringes to the elements of the curvature tensor, · ®¯, it is important to note that any constant displacement f (x; y) has disappeared. This con¯rms that CGS is insensitive to vibration and rigid body displacement.
EXPERIMENTAL SETUP AND PROCEDURE
We have implemented CGS in our MOCVD reactor to examine the curvature of the¯lm-substrate system throughout the growth and annealing process. For fully grown single-sided lms, we have obtained a dynamic map of the magnitude of the average stress under various annealing conditions. The reactor is complicated by a rotating substrate, thermal gradients, and angled viewports.
For fully grown single-sided¯lms, we have obtained a dynamic map of the magnitude of the average stress under various annealing conditions. The experiments were performed in a stainless steel, cylindrical, cold-wall, vertical, stagnation°ow reactor [5] , where both the sample and its 2.75 inch diameter SiC susceptor rest on an inconel can which houses the resistance heaters. Gas°ows vertically through a 3 inch diameter \showerhead" with an array of 313, 1mm holes, 1.5 inches above the sample, and in addition, there is a \shroud"°o w of 1.0 s.l.m. of N 2 around the showerhead to contain the°ow. A series of mass°ow controllers and actuated pumping allows for a constant background pressure to be maintained throughout the runs with°ows of O 2 and N 2 ranging from 0 to 5 s.l.m. The°ow gas was sampled near the substrate with a mass spectrometer in order to verify the composition of°o w near the substrate. Temperature for the initial runs was measured by thermocouple contact to the inside of the can. For the later, fully oxygenated runs, direct thermocouple contact was made with the susceptor.
The optical path through the reactor is at 60 ± from the sample normal. An 18mWatt HeNe laser is expanded to form a 1.5 inch diameter collimated incident beam. The di®raction gratings have a pitch of 1000 lines/inch, and the grating spacing was 1 inch for the 25 x 25 x 0.5 mm wafer runs and increased to 2 inches for the later runs. The sensitivity of CGS in this arrangement is 0:01 m ¡1 [6] . Because a single set of gratings was used, curvature in only one direction could be measured during an individual run. The images were captured on a Sony TRV43 camcorder. Although there is some°uctuation of the signal due to thermal gradients,°ickering of the signal can be reduced with the strategic use of fans. The images are not a®ected by°ows of up to l0 s.l.m. within the reactor.
The MOCVD YBCO on MgO samples are well oriented, c-axis polycrystalline and were supplied by Superconducting Technologies Inc. [7] . Ex-situ CGS measurements of the supplied YBCO-MgO samples reveal them to be slightly curved and spatially non-uniform. The respective curvatures of the bare wafer were not measured prior to production; however, the curvature of the supplied MgO substrates typically have a radius curvature less than 0:01 m ¡1 . XRD results show the presence of strictly 1:2:3 phase YBCO with a typical c-axis length of 11.665 º A. Susceptibility measurements indicate a T c¸8 0 ± C and ¢T c » 1 ± C. Reference [7] further details the high quality nature of the supplied samples, and includes AFM images of the samples which show spiral steps characteristic of high quality YBCŌ lms.
RESULTS
To
± C in vacuum in about one hour while simultaneously monitoring the CGS interferograms. The sample was baked in-situ at 700 ± C for one hour prior to the run to remove excess oxygen; UV re°ectance spectra indicate the initial oxygen stoichiometry of the YBa 2 Cu 3 O x to be x · 6:3 [8] . The CGS interferograms for shearing along the x 2 direction are shown in Figure 4 .
We use Stoney's equation [9, 10] for thin¯lms, h f ¿ h s ,
which becomes,
when written in terms of stress in the¯lm, ¾ f . Variables h f = 700 nm and h s = 0:5 mm are the respective¯lm and substrate thickness, E f = 148 GPa [11] and E S = 315 GPa [12] are the respective Young's moduli, À f = 0:255 [11] and À s = 0:176 [12] are the respective Poisson's ratios. The measured curvatures from the CGS interferograms are combined with the values presented above and equation (20) to calculate the average stress, ¾ f , and strain, " f , in each direction. The results are plotted versus temperature in Figure 5 , where the strain values are calculated from the following relation,
It is important to note that the CGS interferogram alone does not give the sign of the curvature, so the values reported are absolute.
The measured · 11 component shows a monotonically increasing stress-strain relationship with increasing temperature, while the measured · 22 component indicates similar room temperature values as ·, but exhibits a local minima at 624 ± C and then increases to 1.03 GPa above 719 ± C. Exploring the orthorhombic to tetragonal phase transition, we examined fully oxygenated 2 inch diameter wafers from 25 ± C to 650 ± C under various oxygen conditions. A constant background pressure of 10 torr was maintained throughout the runs with°ows of O 2 and N 2 ranging from 0 to 5 s.l.m. The susceptor temperature was cycled between 300 ± C and 600 ± C in about one hour while monitoring the CGS interferograms. The ratios of O 2 /N 2 were 100 : 1 and vice versa for the respective oxygen and nitrogen rich cycles. Figure 6 shows a series of images taken as the temperature is cycled under di®erent oxygen partial pressures. In the N 2 rich cycle (bottom), the initial interferogram remains intact with little change in the magnitude or direction for temperatures up until 558 ± C, where we observe a sharp transition in the CGS interferogram in both magnitude and direction. For the O 2 rich cycle (top), we observe a similar transition but at a higher temperature, 584
± C ¡650 ± C. Hence, the transition temperature depends strongly on the O 2 partial pressure. In both cases, the transformation is reversible. By toggling the O 2 and N 2 ratio at 560 ± C, the interferogram was seen to revert repeatably from an oxygenated state to a deoxygenated state and back. We¯nd the curvature to be higher for oxygen rich conditions over the temperature range studied. Figure 7 shows CGS interferograms of a similarly prepared YBCO-MgO wafer held at constant temperature, 615 ± C ( §10 ± C); with O 2 and N 2°o ws. The total pressure is 100 torr. With the higher pressure, we see that the curvature doubles within about 7 minutes of changing the°ow. Figure 6 illustrates this behavior.
CGS analysis was also implemented during YBCO¯lm growth. Figure 8 shows three images of a 2 in substrate during the MOCVD growth of YBCO. Notice that despite¯lm deposition, the basic fringe pattern does not change. This growth, resulted in a 365 nm thick¯lm with nearly perfect 1:2:3 stoichiometry, begins and ends (after 2 hours) with the fringe count of 5.8 as depicted in the¯gure. CGS analysis of several growth runs con¯rms that there is no change in curvature as YBCO¯lms are deposited in our MOCVD reactor (the notable caveat is that no¯lms have been grown to thicknesses > 500 nm with in-situ CGS analysis). Figure 8 is also interesting because the initial substrate had a structural defect in the single crystal of MgO. In the¯rst interferogram (uncoated MgO), there is a¯ngerprint type of fringe pattern in the upper right of the interferogram. This¯ngerprint pattern indicates local stresses around the defect. As the YBCO is deposited, the defect is covered up by a smooth¯lm of YBCO, and the associated¯ngerprint pattern eventually vanishes.
DISCUSSION
For the non-stoichiometric case, our stress-strain values from the measured · 11 and · 22 components are 0.4 and 0.6 GPa respectively. As seen in Figure 5 , at room temperature, the stress values derived from · 11 and · 22 are similar, but there is a dramatic decrease in the · 22 component near 624 ± C which is indicative of a phase transition. From published values [3] for varying thickness of YBCO¯lms on MgO (0.5 mm thick x 10 mm diameter) grown by spray pyrolysis at 900 ± C, we estimate the average stress produced from a 700 nm¯lm to be -0.7GPa at room temperature. The average stress values were obtained at room temperature from a series of bending tests, which showed the stress to be concentrated at the center of the sample. The stress is attributed to the lattice mismatch Of particular interest are the changes in the curvature components with temperature. Stress due to thermal mismatch can be computed using the following relation,
where ® f and ® s are the respective coe±cients of linear expansion [13] . Although values for MgO over a broad temperature range are well known (® M gO = 14 £ 10 ¡6 K ¡1 at 900 K [14] ), similar properties for YBCO are not. For a temperature di®erence of ¢T = 750 ± C, the coe±cient of linear expansion is 21:6 £ 10 ¡6 K ¡1 < ® f < 28:9 £ 10 ¡6 K ¡1 which is high compared to results for YBCO (4000 nm) on MgO bu®ered SrTi0 3 substrates, ® Y BCO = 13:4 £ 10 ¡6 K ¡1 [13] . Even the theoretical maximum coe±cient of thermal expansion for YBCO single crystal material in the (100) direction is only 23 £ 10 ¡6 K ¡1 [15] . As a result, we cannot explain the observed curvature entirely by thermal mismatch [1, 16] .
Strain e®ects due to phase transitions are of great interest [17] . For stoichiometric YBCO, we compare our results to published phase diagrams [18] . Although the data for thin¯lm YBCO is limited, it is clear that for bulk samples between 400 ± C and 700 ± C, YBCO undergoes an orthorhombic to tetragonal phase transition and that the transition temperature is proportional to the O 2 partial pressure, which is in agreement with our results. It is not clear from how the macroscopic curvature is a®ected by such a transition. For polycrystalline YBCO with the c-axis normal to the plane but with misaligned grains, there could be an averaging of the a and b axis to give a slightly larger e®ective lattice spacing such that the · 11 and · 22 change somewhat equally. However, if the grains are well aligned, twinning could produce a non-uniform change in curvature. Also,¯lm thickness and coverage certainly have an e®ect on the macroscopic stress exhibited by a¯lm substrate system, for this reason we do not believe that the CGS images are unique to this particular phase transition, however we do expect a relaxation upon the phase change. Although not fully understood, the observed increase in stress with increase oxygen°ow in Figure 7 could be related to a non-equilibrium phase state of the YBCO.
In order to further understand the e®ect of oxygen on the macroscopic curvature, it will be necessary to monitor the oxygen content, in-situ, which is possible with UV re°ectance. For YBCO, an observable phase transition could be very useful in the annealing process to determine the¯nal oxygen concentration, since current YBCO production consists of ex-situ oxygen annealing for several days. (Typically the oxygen stoichiometry is determined from weighing and or from X-ray di®raction.) CONCLUSIONS CGS holds promise as a diagnostic technique: it provides a simple, full¯eld, intuitive image of the curvature tensor under a wide range of run conditions. For thin¯lm YBCO on MgO, we are able to observe changes in the macroscopic curvature of a sample due to thermal mismatch and phase transition under run conditions. For YBCO, we¯nd the curvature to be a strong function of the oxygen stoichiometry and sample temperature. Conversely, growth of YBCO on MgO does not exhibit any changes in curvature, indicating that the growth process occurs in equilibrium. Further, with simple modi¯cations to the standard arrangement, we hope to deduce the full tensor and the sign of the each of the tensor components.
